Context. Cool debris discs are a relic of the planetesimal formation process around their host star, analogous to the solar system's Edgeworth-Kuiper belt. As such, they can be used as a proxy to probe the origin and formation of planetary systems like our own. Aims. The Herschel Open Time Key Programmes 'DUst around NEarby Stars' (DUNES) and 'Disc Emission via a Bias-free Reconnaissance in the Infrared/Submillimetre' (DEBRIS) observed many nearby, sun-like stars at far-infrared wavelengths seeking to detect and characterize the emission from their circumstellar dust. Excess emission attributable to the presence of dust was identified from around ∼ 20% of stars. Herschel's high angular resolution (∼ 7 ′′ FWHM at 100 µm) provided the capacity for resolving debris belts around nearby stars with radial extents comparable to the solar system (50-100 au). Methods. As part of the DUNES and DEBRIS surveys, we obtained observations of three debris disc stars, HIP 22263 (HD 30495), HIP 62207 (HD 110897), and HIP 72848 (HD 131511), at far-infrared wavelengths with the Herschel PACS instrument. Combining these new images and photometry with ancilliary data from the literature, we undertook simultaneous multi-wavelength modelling of the discs' radial profiles and spectral energy distributions using three different methodologies: single annulus, modified black body, and a radiative transfer code. Results. We present the first far-infrared spatially resolved images of these discs and new single-component debris disc models. We characterize the capacity of the models to reproduce the disc parameters based on marginally resolved emission through analysis of two sets of simulated systems (based on the HIP 22263 and HIP 62207 data) with the noise levels typical of the Herschel images. We find that the input parameter values are recovered well at noise levels attained in the observations presented here. Conclusions.
Introduction
Debris discs around mature, main sequence stars are visible evidence of the occurrence of a planet(esimal) formation process. These discs are most commonly identified through the presence of emission above what is expected from the stellar photosphere at far-infrared wavelengths. The disc is comprised of icy and rocky bodies ranging in size from microns to kilometres, although the observed emission is predominantly produced by dust grains up to a few millimetres in size. Recent and comprehensive reviews of these objects are available in Wyatt (2008) , Krivov (2010) , Moro-Martin (2013) , and Matthews et al. (2014) .
The Herschel Space Observatory 1 (Pilbratt et al. 2010) , with its large, 3.5 m mirror and sensitive far-infrared and submillimetre instruments the Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010 ) and the Spectral and Photometric Imaging REceiver (SPIRE; Griffin et al. 2010; Swinyard et al. 2010 ) has provided the capability not only to detect the thermal emission from nearby debris disc stars, but also to measure the spatial extent of debris discs through detection of extended emission in the source radial profiles. Such measurements were only previously possible for the largest and bright-est discs thanks to the twin constraints of sensitivity and angular resolution, typically skewing detection of extended emission to younger systems around early type stars. With Herschel, the range of debris disc systems has been expanded to observing extended emission from systems with discs with radii ≥ 30 au and dust fractional luminosities as low as 10 −6 , demonstrating the capability of Herschel to observe discs closely, although not completely, analogous to the solar system's Edgeworth-Kuiper belt (Vitense et al. 2012) .
The Herschel Open Time Key Programmes 'DUst around NEarby Stars' (DUNES; Eiroa et al. 2010 Eiroa et al. , 2013 and 'Disc Emission via a Bias-free Reconnaisance in the Infrared/Submillimetre' (DEBRIS; Matthews et al. 2010) have, in combination, observed a nearly complete volume-limited survey of sun-like stars within 20 pc. The DUNES survey observed 133 stars with the intention of detecting the stellar photospheric emission and measured excess emission from 31, an incidence of 20.2 ± 2.0 % ). The DEBRIS survey, which observed stars to a uniform depth regardless of target brightness, detected an incidence of 16.5 ± 2.5 % (Sibthorpe et al., in prep.) . The difference in disc detection rate can be attributed to the different survey depths and target distances in the DUNES and DEBRIS surveys. Of the 31 excess stars in the DUNES survey, 16 were measured to be extended compared to the PACS instrument PSF at 100 µm.
The three discs analysed here are mature stars previously identified as debris disc hosts through observations by ISO (HIP 22263/HD 30495; Habing et al. 2001) and Spitzer (HIP 62207/HD 110897, HIP 72848/HD 113511; Trilling et al. 2008) . The additional information on the dust spatial location provided by the new PACS images, in combination with extending or more densely sampling the source spectral energy distributions (SEDs) at far-infrared wavelengths, has presented the opportunity to greatly improve our understanding of the constituent dust in these debris discs through simultaneous modelling of both the disc thermal emission and radial brightness profiles. Analysis of resolved debris discs by such methods has been extremely successful in constraining the properties of dust grains around a broad range of stars e.g. HD 207129 , HD 181327 (Lebreton et al. 2012) , 49 Ceti , HD 32297 (Donaldson et al. 2013) , HIP 17439 (Ertel et al. 2014) , and HD 109085 (Duchêne et al. 2014) , shedding new light on the dust dynamics, grain composition and revealing the important physical processes in these systems.
In Section 2 the Herschel observations of the three targets along with the stellar parameters and photometry taken from the literature used to fit each target are presented. In Section 3, the three modelling approaches are summarized. In Section 4, the results are presented along with a discussion of these new modelling results and their impact on the interpretation of these debris disc stars. In Section 5 we assess the impact that accurate determination of the disc extent has on recovery of the disc structure and dust parameters. Finally, in Section 6, we summarize our findings and present our conclusions.
Observations and analysis
PACS scan map observations of the targets were taken with both the 70/160 and 100/160 channel combinations. The observations were carried out following the recommended parameters laid out in the scan map release note, i.e. each scan map consisted of 10 legs of 3 ′ length, with a 4 ′′ separation between legs, scanning at the medium slew speed (20 ′′ per second). Each target was observed at two array orientation angles (70 • and 110 • ) to improve noise suppression and assist in the removal of low frequency (1/ f ) noise, instrumental artefacts and glitches during image reconstruction. A SPIRE small map observation of HIP 22263 was taken covering a region 4 ′ around the target with an equivalent on-source time of 134 s. Neither HIP 62207 nor HIP 72848 were observed with SPIRE due to the expected faintness of their respective discs at sub-mm wavelengths. A summary of the Herschel observations can be found in Table 1 . Notes. (a) P = PACS, S = SPIRE; (b) Operation Day; (c) On-source integration time.
Images
All data reduction was carried out in the Herschel Interactive Processing Environment, user release version 10.0.0 (HIPE, Ott 2010). The PACS observations were reduced using calibration version 45. Individual PACS scans were processed with a high pass filter to remove background structure, using high pass filter radii of 15 frames at 70 µm, 20 frames at 100 µm, and 25 frames at 160 µm, suppressing structure larger than 62 ′′ , 82 ′′ , and 102
′′ in the final images, respectively. To avoid removing source flux, a region 20 ′′ in radius centred on the source peak was masked from the filtering process. Deglitching was carried out using the second level spatial deglitching task with a threshold of 10-σ. Final image scales were 1 ′′ per pixel at 70 and 100 µm, and 2
′′ per pixel at 160 µm, compared to native instrument pixel sizes of 3.2 (70 and 100 µm) and 6.4 ′′ (160 µm). Herschel PACS images of the targets are presented in Fig. 1 .
The SPIRE observation of HIP 22263 was also reduced in HIPE, using SPIRE calibration version 8.1; the small map was created using the standard pipeline routine, using the naive mapper option. Image scales of 6 ′′ , 10 ′′ , and 14 ′′ per pixel were used at 250, 350, and 500 µm.
Stellar parameters
The stellar parameters used in the fitting process are summarized in Table 2 . Distances were taken from the rereduction of the HIPPARCOS data by van Leeuwen (2007) . The adopted effective temperature, T eff , surface gravity, log g, and metallicity, [Fe/H] , values are averages of the photometric and spectroscopic values taken from Gray et al. (2003) , Santos et al. (2004) , Takeda et al. (2005) , Valenti & Fischer (2005) , Gray et al. (2006) , Fuhrmann (2008) , Sousa et al. (2008) , and Holmberg et al. (2009) . Rotational periods, P rot , are taken from Baliunas et al. (1983 Baliunas et al. ( , 1996 , and Gaidos et al. (2000) (HIP 22263), Simon & Fekel (1987) (HIP 62207) , and Henry et al. (1995) (HIP 72848) . Activity indices, log R ′ HK , are 2 J.P. Marshall et al.: Extended emission around three nearby disc host stars Contours are at increments of 3-, 5-, 10-and 30-σ from the image background level. Colour scale is linear from the background to source peak brightness. Orientation is north up, east left. Pixel scales are 1 ′′ per pixel at 70 and 100 µm, and 2 ′′ per pixel at 160 µm. The PACS beam size in each band is represented by the circle in the bottom left corner of the images in the left hand column.
taken from Martínez-Arnáiz et al. (2010) . Bolometric luminosities and stellar radii were estimated from the absolute magnitude and bolometric corrections using measurements by Flower (1996) , whilst X-ray luminosities were calculated from a combination of ROSAT, XMM and Chandra data. Ages were calculated using the available log R ′ HK activity indicies, X-ray luminosities and rotational period data using the same approach as in Maldonado et al. (2010) . A large scatter between individual age measurements is typical as these stars are on the main sequence and therefore age determination is strongly susceptible to effects of T eff and [Fe/H].
The stellar photosphere contribution to the total flux density was computed, using the stellar parameters, from a synthetic stellar atmosphere model interpolated from the PHOENIX/Gaia grid (Brott & Hauschildt 2005) . Optical and near infrared photometry including Stromgren uvby (Hauck & Mermilliod 1998) , Hipparcos BVI (Perryman et al. 1997) , and 2MASS JHK s (Skrutskie et al. 2006 ) measurements constrain the stellar component of the SED, which has been scaled to the optical, near infrared and unsaturated WISE (Wright et al. 2010 ) photometry, following the method of Bertone et al. (2004) . Further details of the photosphere fitting process can be found in Appendix C of Eiroa et al. (2013) .
Disc photometry
For the purposes of SED modelling, the PACS and SPIRE photometry were supplemented by a range of infrared observations including mid-infrared photometry from the AKARI IRC (9/18 µm Ishihara et al. 2010) and WISE (Wright et al. 2010) all sky surveys, Spitzer IRS (Houck et al. 2004 ) spectra for HIP 22263 and HIP 62207, Spitzer MIPS (Rieke et al. 2004 ) 24 and 70 µm flux densities ) and SCUBA sub-mm photometry (for HIP 22263, Greaves et al. 2009 ). The Herschel photometry and all complementary data are summarized in Table  3 , whilst the best-fit model SEDs are presented in Fig. 3 .
Spitzer
The MIPS 24 and 70 photometry were taken from the DUNES archive. , spanning 8-39 µm. The reduced spectra were scaled by matching the IRS spectrum to the predicted photosphere model at wavelengths shorter than 20 µm through a leastsquares fit, requiring application of scaling factors of < 10% in both cases. Flux densities were estimated from the spectra at 24, 32 and 37 µm by averaging of the spectrum within bounds of ± 2 µm around the given wavelength.
Herschel
For PACS, the flux densities were measured using circular apertures with radii of 15 ′′ at 70 and 100 µm, and 20 ′′ at 160 µm.
The sky background and r.m.s. scatter was estimated from the mean and standard deviation of the total flux density in twenty five square apertures with the same area as the flux aperture randomly spaced around the source position at separations of 30-60 pixels. Values were corrected for the both the aperture size (based on the encircled energy fraction measured for a point source) and the source colour, assuming a 5000 K black body for the stellar contribution (factors of 1.016, 1.033, and 1.074 at 70-160 µm) and a 50 K black body for the disc contribution (factors of 0.982, 0.985, and 1.010 at 70-160 µm).
For the SPIRE observation, the source flux density and sky background were measured using the sextractor tool in HIPE. These flux densities were colour corrected using appropriate factors given in the SPIRE photometry release note assuming the slope of the source was the Rayleigh-Jeans tail of a black body (factors of 0.9417, 0.9498, and 0.9395 at 250-500 µm).
Radial profiles
As part of the disc modelling process, radial profiles of the disc were taken along the semi-major and semi-minor axis in all three PACS bands. The radial profiles were measured in the following way: firstly, the image of each disc was rotated according to the position angle from the fitted ellipse such that the semi-major axis lay along the image x-axis. The rotated image was then interpolated onto a grid ten times finer than the original image, i.e. 0.1 ′′ (at 70 and 100 µm) or 0.2 ′′ (at 160 µm). The radial profile was measured by taking the mean at distances equivalent to 1 ′′ (at 70 and 100 µm) or 2 ′′ (at 160 µm) from the disc centre along the major and minor axes in both positive and negative directions using squares of 11×11 grid points. The uncertainty in this mean value was measured by combining in quadrature the difference in the values at positive and negative offset from the disc centre and sky background measured through aperture photometry. The PSF model, a scaled and rotated image of α Boötis, was treated in the exact same manner and the PSF radial profiles were compared to those of the disc to see if it was significantly extended. The PSF measurements for each target were made in the same angle relative to the telescope (the telescope roll angle varies between ODs) to mitigate the effect of the non-circular PACS beam on the measured profiles. It is noted that the reproducibility of the PACS PSF is uncertain at the 10 % level for 70 µm images and 4 % at 100 µm (Kennedy et al. 2012b ). Since our targets were all extended in both of the shorter wavelength PACS bands, the extended emission we measure is robust to the choice of PSF model.
The radial profiles are presented in Fig. 3 and a summary of the observational properties of the discs in all three PACS bands is presented in Table 4 . All three of the targets exhibit extended emission as a broadened PSF rather than a ring-like annular structure. The angular resolution is too low and uncertainties too large to identify any flattening, or dip, in the source brightness profiles close to their peak which might indicate the presence of an inner hole to the discs examined here. We fit a rotated 2D Gaussian profile to the source, weighted by the observation's error map, in order to estimate the source extent along the major and minor axes, A image and B image , respectively, along with the disc inclination, i, and position angle, θ. Due to the low S/N and marginal extension of the discs presented here, the real source size is estimated solely through subtraction from the PACS beam rather than by image processing through one or more deconvolution methods, as has been undertaken for several of the better resolved, brighter DUNES targets, e.g. HIP 7978 (Liseau et al. References. 1. Hauck & Mermilliod (1998) 2010), HD 207129 Löhne et al. 2012) , or HIP 17439 (Ertel et al. 2014) . For HIP 22263, we recover extended source brightness profiles along the disc major and minor axes at both 70 and 100 µm, but the disc is only extended along the major axis at 160 µm. For HIP 62207, the disc is extended along its major axis in all three PACS bands, and along the minor axis in the two shorter wavelength images. For HIP 72848, the disc is extended along the major axis at 70 µm and 100 µm, but point-like at 160 µm and is not extended along the minor axis in any of the three images. We interpret the lack of extended emission from HIP 22263 and HIP 72848 at 160 µm to be due to the disc size being comparable to the PACS beam FWHM at that wavelength, although this assessment is complicated in the case of HIP 72848 by the degree of background structure at 160 µm. The inclination of each disc is estimated from the ratio of the semi-minor to semi-major axes, i.e. cos i = B image /A image , after deconvolution of the observed image from the instrument PSF represented by an appropriate observation of α Boötis reduced in the same fashion as the observations and rotated to the same orientation as the observed images. Our resulting estimates of the disc inclinations are consistent with those of Greaves et al. (2014) , which also used the Herschel PACS images of each target to derive the disc orientation. The disc position angle is measured from the rotation of the 2D Gaussian east of north.
Modelling
To ascertain the robustness of our results we have used three distinct approaches of increasing complexity to interpret the extended emission from these discs, namely a single annulus model, a modified black body model, and a radiative transfer model. We summarize each of these methods below.
Single annulus
In the first approach, we use the method of Booth et al. (2013) to interpret the extended emission. We model the disc structure as a simple annulus extending from its inner edge, R in , to a distance R in + 0.1 × R in . This approach is justified as we only see excess at far-infrared wavelengths which can be interpreted as cold dust at a single radial location; there is no evidence for warm excess emission at mid-infrared wavelengths for any of the three targets, which would imply the presence of a second physically distinct component to the debris disc architecture. The radial surface density profile within the annulus is assumed to be flat as the disc extent is narrow and this avoids assumptions regarding the radial distribution of material. Note that the fitting process adopted here ignores the disc SED or any realistic grain properties, i.e. it is a purely structural fit to the observed emission.
Fitting is undertaken using a grid of models. Each individual model is defined by its inner radius, R in , position angle, θ, and inclination to the line of sight, i. A line of sight integrator is used to create the model image which is then scaled to the observed flux density (using the least-squares minimization code, MPFIT) before the star's photospheric contribution is added to the centre of the model image. The resulting model is convolved with the instrument PSF of each PACS waveband to produce a set of three model images. To determine the best fit model parameters, their 3.2 ± 0.4 5.9 ± 0.4 1.3 ± 1.5 A disc [au] 36.8 ± 4.6 67.9 ± 4.6
Notes. A image = FWHM along source major axis; B image = FWHM along source minor axis; PSF = average FWHM of instrument beam; A disc = deconvolved disc extent; θ = position angle; i = inclination.
uncertainties and the source flux density, the reduced χ 2 is calculated by comparison of the observed image to each grid model at each wavelength. All pixels within a distance of 1.5×FWHM of the resolved disc (calculated from a 2D Gaussian fit) with a flux density greater than the 1-σ r.m.s. are used in the fitting. The best fitting model is that which has the lowest reduced χ 2 . Uncertainties are determined by finding the maximum and minimum values of each parameter amongst models that lie within a ∆χ 2 equivalent to 1-σ of the best fit model (3.53, in the case of a three parameter fit). In the case of contamination of the disc by a nearby background source (e.g. HIP 62207) we prevent the background source from influencing the fitting results by masking the region around the source from the χ 2 calculation.
Modified blackbody
In this approach we use the method outlined in Kennedy et al. (2012a) and Wyatt et al. (2012) to model the discs' emission combining the information from both the radial profiles and SED, but without adopting a 'realistic' grain size distribution or composition. We model the disc as an annulus extending between radii R in and R out . The disc radial profile was defined as a function of radius such that τ(R) = τ 0 (R/R 0 ) α ; the emission from the annuli within the disc is determined by the vertical geometrical optical depth, τ(R), the geometric optical depth at the inner radius is τ 0 and the slope of the radial density profile is α. To avoid complications with the unconstrained dust composition and emissivity, the thermal emission of the disc at a given radius is assumed to be well approximated by a modified blackbody defined by a temperature, T , and break wavelength, λ 0 , beyond which the spectral slope of the emission is modified by a factor β such that
The temperature is assumed to be T = f T T bb , where T bb is the blackbody temperature at radius R and f T is a free parameter. An image of the disc is produced by integrating the emission along the line of sight to the observer given the orientation of the disc, given by the position angle, θ, and inclination, i. The appropriate stellar photosphere contribution is added before convolution with the PSF to create a set of model images to be compared to the observations.
To quantify the success of a model in replicating the observed emission, a χ 2 minimization approach was undertaken. A χ 2 is derived from the SED as well as the images (which were calculated using the method above), but the SED χ 2 only included photometry which was not taken from the Herschel images. These χ 2 values were then summed. For the results presented here, the fitting process was undertaken both by hand and by least-squares minimization, so the search of parameter space was neither exhastive, nor systematic, and therefore uncertainties are not given. However, we note the 'best fit' models presented in Table 5 appear to lie in the global minimum of the total parameter space and are in good agreement with the other, systematic approaches.
GRaTeR
Finally, we use GRaTeR, a radiative transfer debris disc modelling code (Augereau et al. 1999; Lebreton et al. 2012) , to interpret the observations. As input to the modelling process, we take the available WISE, Spitzer MIPS and IRS photometry, along with the new Herschel PACS and SPIRE photometry to produce an SED for each target. The spatial extent of the disc is represented by the radial profiles from the three PACS bands, with the instrument PSF again represented by the profile of the bright standard star α Boötis. The stellar contribution to the total flux density is taken from the fitted PHOENIX/GAIA model photosphere. The disc is fitted by a power-law model across a grid of parameters. The dust particle size distribution slope, γ, samples 13 values between 5.1 and 2.7 in steps of 0.2. The minimum grain size, s min , is sampled in 55 steps logaritmically spaced between 0.05 and 43.5 µm. The largest grain size, s max , is fixed at 1 mm due to the decreasing contribution of larger grains to the observed flux density at far-infrared wavelengths. The dust grain composition is assumed to be pure astronomical silicate (Draine 2003) , with the optical constants computed through Mie theory. We characterize the radial component of the disc surface density profile, R(r), using a peak radius, r 0 and a two component power law of the form:
for the radial distribution of the dust grains, where r is radial distance from the star, r 0 is the peak of the surface density profile whilst α in and α out are the exponents of the surface density profile interior and exterior to r 0 , respectively. This produces a smooth disc model with a characteristic peak radius for its surface density, representative of the morphology of isolated, single component debris discs. The peak of the disc surface density profile, r 0 , is sampled at 35 values between 10 and 120 au, and the maximum disc extent fixed to 200 au. Interior to r 0 , the surface density is forced to fall off very steeply, with α in fixed as 5. Exterior to r 0 the radial surface density slope, α out (hereafter referred to as α), varies between 0.0 and -5.0 in steps of 0.5. The disc orientation and inclination were fixed to the values measured from the 2D Gaussian fit to the source in the PACS 100 µm image, since that band provides the best compromise between angular resolution, S/N and sensitivity to cold exten-dend emission in the available data set. Each image (i.e. pair of radial profiles) is given the same weighting as the target SED in the fitting process.
To calculate the best fit model and probability distributions of the parameters for each disc we use a statistical (Bayesian) inference method. GRaTeR produces a grid of models comprising the parameters detailed above with the number of degrees of freedom being 67, 40 and 35 for HIP 22263, HIP 62207 and HIP 72848, respectively. The simultaneous best fit model is the point in the calculated grid with the lowest χ 2 . The best fit values and uncertainties for individual parameters are derived from probability distribution functions, providing an advantage of GRaTeR over the modified blackbody modelling process. From the χ 2 values we can obtain the probability of the data given the model parameters, assuming the model is appropriate for the data and the uncertainties of the measurements are normally distributed. No particular value of any parameter is favoured in this analysis, so the weighting is uniform for each set of parameters. If the model is a good representation of the data, we would expect that the simultaneous best fit model and the values for individual parameters will be in close agreement. This would also mean that there is little or no correlation between parameters and/or their uncertainties. For further details of the fitting process see Lebreton et al. (2012) .
We also fit the data with SAnD (Ertel et al. , 2014 in order to validate the GRaTeR results. The results from both codes agree well which is why we only show the GRaTeR results here.
Results and discussion
In this section we summarize the results of the modelling processes described in the previous section on a target by target basis. The measured position angles and inclinations of the three discs are consistent across the different methods and therefore require no further comment. The model disc images derived from the modified blackbody analysis are presented in Fig. 2 whilst the disc SEDs and radial profiles of the GRaTeR analysis are presented in Fig. 3 . The modified blackbody and GRaTeR analyses are broadly in agreement and the results presented in Fig. 2 are therefore illustrative of the outcome from both methods. A summary of the best fit model parameters for all three methods is presented in Table 5 .
HIP 22263
For HIP 22263, the single annulus fitting of this disc suggests a radius of 44 au, whilst the modified blackbody modelling finds a best fit solution of a disc extending from 22 to 116 au. A reasonably flat surface density profile with α = −0.6 is suggested by the black body model but this is not significant due to the marginally resolved disc providing only a minimum of information on its spatial extent. However, we can preclude the presence of large amounts of dust at great distances from the star which would produce a more extended source emission and act to flatten the disc surface density from longer wavelength observations. From the image analysis summarized in Table 4 , we see that the disc is marginally resolved at 70 and 100 µm, presenting a symmetric morphology aligned approximately north-south. The lack of extended emission at 160 µm also suggests that the disc is relatively compact and lacks a very cold extended component, which has implications for the shape of the SED.
The best fit GRaTeR model for HIP 22263 is a relatively small disc; the simultaneous best fit model to the SED and radial profiles has a χ 2 red of 0.65 with 67 degrees of freedom (see Fig. 3 , left hand column). The disc peak surface density lies at r 0 = 20.8 au, smaller than the single annulus model but consistent with the inner radius of the modified black body model. This is likely the result of considering the SED in the fitting process of the modified black body and GRaTeR methods. The surface density exponent, α = −0.5, suggests an outwardly decreasing surface density profile, also in line with the modified black body analysis. We obtain a minimum grain size, s min = 2.15 µm, a few times larger than the blow-out radius (0.5 µm). The particle size distribution exponent, γ = 3.9, is comparable to that of a system in steady state collisional cascade (3.5 to 3.7, Dohnanyi 1969; Thébault & Augereau 2007; Gáspár et al. 2012) and within the range of expected values for typical debris discs (3 to 4) (see e.g. Pan & Schlichting 2012). The implied dust mass, M dust = 6.1 × 10 −4 M ⊕ , and disc fractional luminosity, 2.9 × 10 −5 , puts this disc at the brighter end of those observed by DUNES with comparable brightness to e.g. HIP 17439 (Ertel et al. 2014) and HIP 32480 (Stapelfeldt et al., in prep.) , but is not exceptional. The disc orientation has a position angle θ = 4.7 ± 2.1
• and inclination i = 51 ± 10 • , which are well constrained by the Gaussian fit to the 100 µm image. Although the proposed disc model replicates the midand far-infrared photometry well, it begins to diverge beyond 250 µm, as the measured flux densities become brighter than the predicted model flux densities at both 350 and 850 µm. This could be due to a number of reasons, the two most likely of which are contamination by a background object, or the pres- to right) , calculated from the simultaneous best fit model. Empty data points are photosphere measurements, black data points are ancillary mid-and far-infrared measurements, green data points are the flux densities used to scale the photosphere model, dark blue data points are flux densities extracted from the Spitzer IRS spectrum, represented by the light blue data points, and red data points are the Herschel PACS and SPIRE flux densities. The combined photosphere and disc model is a solid black line. The disc and photosphere model components are represented by dotted and dashed lines, respectively. Lower rows: Observed radial profiles of each target at 70, 100, and 160 µm (top to bottom). The major and minor axis measured values are denoted by the red and blue data points, respectively. The model major and minor axis radial profiles are represented by the red solid line and blue dashed line. The disc contribution is represented by the dotted lines and the stellar contribution is shown as a solid grey line.
ence of a second, very cold, dust component to the disc. Firstly, a halo of very small grains would be unusual around a mature, solar type star. Furthermore, to fit the SED, the halo would need a temperature of ≤ 20 K, which would place it at a distance of (at least) ∼ 200 au, beyond the largest discs identified around similar G type stars, e.g. HD 107146 (Ertel et al. 2011) or HD 207129 , and producing extended emission at wavelengths up to 250 µm, which is not observed. These properties would place it amongst those 'cold disc candidates' identified in Eiroa et al. (2011) , Eiroa et al. (2013) , and Marshall et al. (2013) , albeit much brighter than those previously identified and therefore inconsistent with the explana-9 tion for the phenomenon proposed in Krivov et al. (2013) . We therefore disfavour this explanation for the shape of the SED. In the case of contamination, a temperature of 20 K is typical of background galaxies at redshifts from z = 1-2 (Magnelli et al. 2013) . Two red sources are visible to the south of HIP 22263 in the PACS 160 µm map at separations of 25 ′′ and 50 ′′ . The second of these has a bright counterpart in both the SPIRE 350 and 500 µm maps. We therefore infer that the 350 µm flux density is partially contaminated by the interloper and that, given the number of background sources in proximity to HIP 22263, the JCMT/SCUBA observation may similarly be a victim of contamination or misidentification, leading to the high flux density measurement reported at 850 µm (Greaves et al. 2009 ). High angular resolution observation of HIP 22263 at (sub-)mm wavelengths could confirm this interpretation using e.g. the AzTEC instrument on the Large Millimetre Telescope (λ = 1.1 mm, FWHM = 8 ′′ , σ rms = 0.2 mJy).
HIP 62207
The single annulus and modified blackbody models of HIP 62207 suggest a disc radius of 82 or 72 au, respectively. In both cases a narrow annulus with a width of ≤ 10 au is the preferred extent, albeit by design in the case of the single annulus model. The PSF subtracted images exhibit significant extended emission centred on the star, but also highlights the presence of a contaminating background source to the northwest of the disc, particularly at 160 µm (see Figs. 1 and 2, middle column). This background source was modelled as a scaled PSF and subtracted from the observations before modelling the disc to avoid contaminating the radial profile measurements. Conversely, we find with GRaTeR that the best fit disc model for HIP 62207 is a cool, broad ring; the simultaneous best fit model to the SED and radial profiles has a χ 2 red of 0.59 with 40 degrees of freedom (see Fig. 3 , middle column). The disc has a peak surface brightness at r 0 = 53.7 au and an outwardly decreasing surface density, i.e. α = −1.00. This mismatch between the previous approaches, which are in good agreement, and the GRaTeR results is likely due to the dust grain temperature and radial location being self consistent in the GRaTeR modelling through the assumption of the dust grain properties, a detail which is neglected by the two simpler approaches. The disc around HIP 62207 is more elongated than either of the other discs considered here, so the surface density measurement is meaningful for interpretation of the dust distribution within the disc. We obtain a minimum grain size, s min = 5.86 µm, around ten times larger than the blow-out radius (s blow ∼ 0.5 µm) and comparable to the size ratio calculated for the disc around HD 207129 rather than the more typical debris discs where the ratio of s min /s blow lies closer to values of around two to five (Krivov et al. 2006; Thébault & Augereau 2007; Thébault & Wu 2008, and Pawellek et al., submitted) . The particle size distribution exponent value of γ = 4.3 is somewhat steeper than the range of expected values for typical debris discs (3 to 4), and much steeper than classical values for a steady state collisional cascade (3.5 to 3.7). This is not to imply we are observing a system that is out of collisional equilibrium although its value of γ does approach that of HIP 114948 (γ = 4.7), one of the 'steep SED' discs identified in Ertel et al. (2012) . The dust mass implied from the SED fit, 2.69 × 10 −3 M ⊕ , and dust fractional luminosity, 2.1 × 10 −5 , are comparable to other discs in the DUNES sample. Caution should be used in comparing the dust mass of HIP 62207 with those of other works as the steeper size distribution and large minimum grain size might be responsible for the large mass value derived here. We note that the size distribution measured for dust grains will not apply to the larger bodies which do in fact dominate the total mass of the disc. The disc orientation, with a position angle θ = 111.2 ± 1.3
• and inclination i = 56 ± 10
• , is well constrained from the 2D Gaussian profile fits to the extended emission in the PACS images.
The best fit model of HIP 62207, with its large minimum grain size, broad disc and flat surface density, has similarities to that of HD 207129's disc . Likewise, the sub-solar stellar metallicity in combination with the presence of an extended debris belt and lack of known Jovian mass companion(s) also parallels the HD 207129 and τ Ceti systems, making this star a good candidate system to search for low mass exoplanets . The lack of sub-mm measurements for the target limits the detail which can be drawn from the modelling process, whilst further imaging observations at high(er) angular resolution are key to pinning down the disc morphology.
HIP 72848
In the case of HIP 72848, the single annulus model suggests a radial extent of 63 au for the disc when combining information from all three PACS bands. If the 70 µm image is omitted from the fitting, the preferred radius increases to 74 +4 −6 au, in good agreement with the modified black body radius. Due to the marginal extension of this disc interpretation of the surface density profile is poorly constrained from the available data, as was the case for HIP 22263. The images of HIP 72848 therefore exemplify the difficulty in the interpretation of this disc as the extended emission has a different orientation at 70 and 100 µm (see Fig. 1 and Table 4 ). This is a result of the disc being faint and its emission at 70 µm being dominated by the large contribution of the star to the total flux density and therefore the shape of the source brightness profile, which is not a simple Gaussian.
We find that the simultaneous best fit disc model from GRaTeR for HIP 72848 is a cold, narrow disc with a χ 2 red = 0.33 with 35 degrees of freedom (see Fig. 3 , right hand column). The individual best fit peak in disc surface brightness is at r 0 = 66.9 au, consistent with the estimates from the other modelling approaches. The radial fall off for the surface density α = −5.0 is very steep for both the simultaneous and individual best fit values, suggestive of a narrow disc. However the disc is only marginally resolved such that, similar to HIP 22263, the meaningfulness of this result is weak in terms of constraining the disc architecture. We obtain a minimum grain size, s min = 0.12 µm. The small minimum grain size for this disc may reflect that those grains are not being removed from the system via radiation pressure blow-out, which would not be expected to be an effective removal mechanism for dust grains around a K star due to their low luminosity (Kirchschlager & Wolf 2013 ). An extended halo of small grains on highly eccentric bound orbits would act to blur the outer edge of the disc, broadening its observed radial profile. We can calculate the eccentricity of grains with sizes of 0.12 and 1.3 µm and assumed optical properties using the β parameter which results in orbital eccentricities of 0.25 and 0.15, respectively. The grains are not therefore expected to have large radial excursions from their radius of production, which runs counter to the possible presence of an extended halo. The particle size distribution exponent γ = 3.5 is consistent with a steady state collisional cascade. The dust mass implied from the simultaneous best fit model to the data is 2.0 ×10 −4 M ⊕ . The dust fractional luminosity of 2.8×10
−6 is at the fainter end of discs in the DUNES survey which, combined with the disc's warmer blackbody temperature, explains the difficulty in obtaining accurate modelling results for this disc. The disc position angle θ = 66.4 ± 2.0 • is derived from the 100 µm surface brightness profile, as is the inclination, i ≥ 84 ± 10
• , which is a lower limit due to the lack of extended emission along the source minor axis.
The dominant contribution to the flux density at 70 µm is the star, which makes interpretation of the extended emission tricky at this wavelength as any asymmetries and extended emission are more strongly tied to the stellar PSF than the dust. Further high S/N imaging of the disc would therefore help clarify the orientation and extent of the disc, which are inconsistent between the 70 and 100 µm images. Additionally, the SED is poorly sampled as it rises from the stellar photosphere, which leaves the modelling sensitive to the choice of inclusion of the WISE data point at 22 µm in our fitting. The inclusion of this data point in the modelling favours a larger minimum grain size of 0.42 µm (2.1 µm for the individual fit) but the disc structure remains the samethis difference between the simultaneous and individual best fit values of s min is symptomatic of the deficiencies in the data set available for modelling this disc. In this regard, a greater density of photometric points covering the mid-infrared to trace the rise of the disc SED above the stellar continuum would be useful, moreso perhaps than sub-mm photometry, which this star lacks.
Interpreting extended emission
In this section we seek to quantify the influence that knowledge of the disc radial profiles has on how accurately the dust parameters of the disc can be determined. To this end we consider two cases of extended emission at moderate S/N: that of HIP 22263 (hereafter Model 1), representative of a marginally extended disc along its major axis, and HIP 62207 (hereafter Model 2), representative of a disc clearly extended along its major axis. These two cases are representative of the majority of extended debris discs observed by Herschel, see e.g. Booth et al. (2013) , Eiroa et al. (2013) and Pawellek et al., submitted.
We begin by taking the best fit models of HIP 22263 and HIP 62207 as determined from the GRaTeR results as our base reference for the two models, creating an image for the dust distribution and emission for each PACS band. To the model images we add the appropriate stellar photosphere contribution for each wavelength before convolution with an instrument PSF. We then add normally distributed random noise component to the convolved images, with standard deviations bracketing values measured in Herschel PACS images in five increments spanning 5×10 −6 , 1×10 −5 , 3×10 −5 , 5×10 −5 , and 1×10 −4 Jy/arcsec 2 . The source radial brightness profiles for each set of noisy images are then measured as per the observations (see Section 2.4). These simulated profiles are then input into GRaTeR along with the observed SED, since we only want to trace the influence of the extended emission, and the fitting procedure is run again, as described for the observations (see Section 3). For each model we also produce a result using only the SED as a constraint in the modelling process. The disc parameters obtained from fitting both sets of noisy models (and the SED only ones) are subsequently compared to the input values.
From Figs. 4 and 5 we see the model input parameters were better recovered by the fitting process for the images with lower noise, which is exactly what one would expect. We note several trends in the match between the model input parameters and the values recovered by the fitting procedure which hold despite the difference in the two cases considered here.
For the Model 1 set the radial surface density exponent, α, was broadly flat over the range of noise values considered here and replicated the input model well. By contrast, the best fit value of the Model 2 set tended towards lower α values as image noise increased. The additional constraint of the sub-millimetre data in the source SED of Model 1 may be responsible for this difference in outcome.
The disc inner radius, r 0 , tended to be overestimated compared to the input model with the degree over of estimation decreasing for smaller noise values. Model 1, which had submillimetre photometry, had smaller error bars by a factor of two compared to Model 2 on the fitted values for this parameter. In either case, if no radial profiles were used to constrain the model fitting, r 0 was overestimated by a factor of 2-4.
The minimum grain size, s min , was well recovered for all cases which used radial profiles to constrain the fitting, independent of noise. In the SED-only fits the value of s min is underestimated. The interplay between the estimation of r 0 and s min whose properties are degenerate in the model fitting is well known and serves to emphasize the importance of spatially resolved imaging in accurate determination of disc properties.
The quality of the model fit for the particle size distribution exponent, γ, was good, independent of the noise which is quite expected as the determination of this parameter is sensitive to the SED rather than the radial profiles.
The dust mass was somewhat variable. The SED-only fitting resulted in a higher mass than the model fits using radial profiles for both Model 1 and 2. The case of Model 1 with sub-mm photometry resulted in better recovery of the input parameters. The dominant effect on the dust mass for both Model 1 and 2 was the surface density, as can be seen in the correlation between the variation of α and M dust in Figs. 4 and 5.
Conclusions
We present an analysis of the far-infrared extended emission from the circumstellar debris discs around HIP 22263, HIP 62207, and HIP 72848 by three separate methods. In each case we find that the disc architecture is well represented by a single, cold dust annulus. Simultaneous fitting of the SED and radial profiles provides better constraint of the physical properties of the constituent dust than was heretofore possible.
Using these new resolved images we identify evidence of potential contamination in the images of two of the three sources. In the case of HIP 22263, the model disc is a good match to the far-infrared profiles, and photometry data up to 250 µm, but beyond that the disc model under predicts the observed flux density. We believe that this is an instance of background contamination at sub-mm wavelengths; high S/N, high angular resolution observations at millimetre wavelengths would be required to accurately trace the decline of the dust emission from the disc avoiding background contamination. For HIP 62207, the two nearby contaminating sources are easily disentangled from the extended disc emission at far-infrared wavelengths, particularly 100 and 160 µm. Our modelling reveals the disc to have a near flat surface brightness and large radial extent, spanning ∼ 50-150 au, comparable to the extent of the disc recently resolved around HIP 17439 (Ertel et al. 2014 ) and reminiscent of the disc around HD 207129 Löhne et al. 2012) . Finally, our modelling of HIP 72848 suggests a cold, narrow debris disc, although any definitive interpretation is hampered by the dominated by contribution of the stellar component at 70 µm to the total observed flux density hampering extraction of the disc architecture from the images and a paucity of mid-infrared and sub-mm photometry leading to a weakly constrained SED as inputs to the modelling process. Surface density, α, particle size distribution, γ, and minimum grain size, s min . Bottom row: Disc peak radius, r 0 , and dust mass, M dust . The red data point denotes the results for the observed SED and radial profiles, with the red dashed line denoting the input value to the model for each parameter. The green data point denotes a fit to only the observed SED. The black data points denote models fitted to both the SED and radial profiles with increasing noise contributions with the envelope of uncertainties for the models marked by the light blue shaded region, bounded by the dark blue lines. 
